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Available online 28 December 2015Traumatic brain injury (TBI) is the leading cause of death for persons under the age of 45. Military servicemembers
who have served onmultiple combat deployments and contact-sport athletes are at particular risk of sustaining re-
petitive TBI (rTBI). Cognitive and behavioral deﬁcits resulting from rTBI are well documented. Optimal associative
LTP, occurring in the CA1 hippocampal Schaffer collateral pathway, is required for both memory formation and re-
trieval. Surprisingly, ipsilateral Schaffer collateral CA1 LTP evoked by 100Hz tetanuswas enhanced inmice from the
3× closed head injury (3× CHI) treatment group in comparison to LTP in contralateral or 3× ShamCA1 area, and in
spite of reduced freezing during contextual fear conditioning at oneweek following 3× CHI. Electrophysiological ac-
tivity of CA1 neuronswas evaluatedwithwhole-cell patch-clamp recordings. 3× CHI ipsilateral CA1 neurons exhib-
ited signiﬁcant increases in action potential amplitude andmaximumrise anddecay slopewhile the action potential
durationwas decreased. Recordings of CA1 neuronpostsynaptic currentswere conducted to detect spontaneous ex-
citatory and inhibitory postsynaptic currents (sEPSCs/sIPSCs) and respective miniature currents (mEPSCs and
mIPSCs). In the 3× CHI mice, sEPSCs and sIPSCs in ipsilateral CA1 neurons had an increased frequency of events
but decreased amplitudes. In addition, 3× CHI altered the action potential-independentminiature postsynaptic cur-
rents. ThemEPSCs of ipsilateral CA1 neurons exhibited both an increased frequency of events and larger amplitudes.
Moreover, the effect of 3×CHI onmIPSCswas opposite to that of the sIPSCs. Speciﬁcally, the frequency of themIPSCs
was decreasedwhile the amplitudeswere increased. These results are consistentwith amechanism inwhich repet-
itive closed-head injury affects CA1 hippocampal function by promoting a remodeling of excitatory and inhibitory
synaptic inputs leading to impairment in hippocampal-dependent tasks.
Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).Keywords:
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ss article under the CC BY-NC-ND liceUnited States, over 1.7 million new cases of TBI are reported each year
(Lucke-Wold et al., 2014), with more than 80% of cases classiﬁed as
mTBI (Cassidy et al., 2004). However, this classiﬁcation appears to be
used interchangeably with several other brain injuries such as concus-
sion, secondary impact syndrome, and even chronic postconcussion
syndrome (Harmon et al., 2013; Hoge et al., 2009) demonstrating the
heterogeneity and complexity of mild brain injury.
In addition to civilian injuries, more than 300,000 U.S. combat vet-
erans of the Iraq and Afghanistan wars have been diagnosed with a
mTBI (Tanielian and Jaycox, 2008). Treatment plans and therapeutic in-
terventions to improve the neurocognitive outcome of these patients
are impeded by the intense debate on mTBI diagnostic criteria and
data interpretation of research studies (Hoge et al., 2010; Marion
et al., 2011). Furthermore, neurocognitive tests, whose resulting data
is subject to varied interpretation, are challenged to address the comor-
bidity of mTBI with PTSD (Hoge et al., 2009). This study focuses on rTBI
and its applicability to combat-related cases of rTBI and in athletes who
play contact sports.nse (http://creativecommons.org/licenses/by-nc-nd/4.0/).
Fig. 1.Model of repetitive TBI closed head injury. The timeline diagram depicts timing of
the experiments from arrival of mice at the animal facility through the rTBI protocol and
electrophysiological experiments.
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In cases of moderate-to-severe TBI, the pathophysiology of
secondary injury is characterized by compromise of the blood
brain barrier, trauma-induced activation of voltage-gated ion
channels, glutamate excitotoxicity, Ca2+ imbalance, mitochondri-
al dysfunction, necrosis, and apoptosis within the CNS (Cernak
and Noble-Haeusslein, 2010). However, in the case of mild rTBI,
this cascade of deleterious events, likely of neuroinﬂammatory/
electrophysiological origin, does not occur with the intensity
and duration as seen in moderate-to-severe TBI (Barkhoudarian
et al., 2011). Rather, the aberrations in ionic currents, energy ho-
meostasis, and cytoskeletal integrity caused by the primary inju-
ries are both transient and reversible (Hall et al., 2005). As these
pathophysiological events dissipate and eventually are no longer
detectable, the cognitive and behavioral deﬁcits that resulted
from the pathophysiology may also diminish and eventually dis-
appear. However, in spite of improvement in majority of patients,
15% of patients with a previous diagnosis of mTBI will continue
to present with neurological deﬁcits 12 months after the initial
trauma (Carroll et al., 2014).
rTBI initiates a heterogeneous and complex array of cellular re-
sponses in the brain that contribute to subsequent post-injury neuro-
degenerative and behavioral disorders (see Smith et al., 2013 for
review). When exposed to multiple TBIs, the severity of damage and
corresponding behavioral changes are often signiﬁcantly worsened
longitudinally (Smith et al., 2013). Animalmodels of rTBI have charac-
terized the cognitive and behavioral decline associated with the cu-
mulative damage caused by rTBI (Brody et al., 2015; Johnson et al.,
2015; Laurer et al., 2001; Longhi et al., 2005). However, the cellular
mechanisms underlying these changes have not yet been elucidated.
We suspected that this deteriorating outcome is paralleled by degen-
eration of the mechanisms underlying activation and regulation of
CNS neuronal network plasticity.
The majority of single mild TBI studies observed impaired hip-
pocampal LTP, decreased hippocampal plasticity, excitability and/
or increased inhibition (Albensi et al., 2000; Reeves et al., 2005;
Schwarzbach et al., 2006; Witgen et al., 2005). Therefore, it would
be a reasonable assumption that multiple impacts delivered within
a short time interval would result in synergistic or at least additive
attenuation of neuronal excitability in CA1 neurons ipsilateral to
the injury and impaired hippocampal function (Kim et al., 2005;
Weber, 2007). We hypothesized that mild repetitive TBI would re-
sult in either the failure to induce LTP or a signiﬁcant reduction in
LTP when compared to the sham-injured group (Reeves et al.,
1995). This absent or reduced LTP would be expected to be
accompanied by alterations in the properties of CA1 pyramidal
neurons consistent with its diminished intrinsic electrical activity.
Furthermore, the excitatory postsynaptic currents, action
potential-dependent and independent, would be decreased,
whereas inhibitory postsynaptic currents, action potential-
dependent and independent, would be increased in the triple inju-
ry group (Albensi et al., 2000; Miyazaki et al., 1992; Reeves et al.,
1995; Weber, 2007). In order to test our hypothesis, we identiﬁed
changes in CA1 hippocampal LTP following repetitive mild TBI;
and determined changes in the intrinsic electrophysiological prop-
erties of CA1 neurons, and examined spontaneous excitatory and
inhibitory activity to detect any shift(s) between the excitatory
and inhibitory CA1 networks. Intriguingly, our results showed aug-
mented LTP accompanied by abnormal intrinsic and synaptic hip-
pocampal activity, contrary to our initial hypothesis. However, as
previously reported in mouse models of repetitive concussive TBI
(Berberian et al., 1990; Creeley et al., 2004; DeFord et al., 2002;
Longhi et al., 2005; Meehan et al., 2012; Mouzon et al., 2014;
Petraglia et al., 2014), we found that 3× CHI mice are impaired in
hippocampal-dependent behavioral tasks.2. Methods
2.1. Animals
Groups of male C57Bl/6 (NCI, Poolesville/Frederick, MD) mice were
subjected to single (1× CHI) and triple (3× CHI) closed-head injuries,
along with their respective sham controls (1× Sham and 3× Sham).
All micewere 6–7 weeks old on delivery tomodel the age of young ser-
vicemembers. After delivery all micewere acclimated for oneweek and
were kept on a reversed light cycle in regular animal rooms throughout
the surgeries and until the time of sacriﬁce for electrophysiological or
behavioral experiments. All experiments were approved by the
Uniformed Services University of the Health Sciences Institutional
Animal Care and Use Committee.
2.2. Closed-head injury surgery
The CHI model of rTBI was created by employing an electromagnet-
ically controlled cortical impact device (Leica Impact One™ Stereotaxic
CCI Instrument, Buffalo Grove, IL), which provides high reproducibility
of closed-head injury (Brody et al., 2007). The repetitive CHIs were per-
formed as follows. Each surgery was carried out at the same time of the
day, with one CHI administered every 24 h for 3 consecutive days.
Under a 2% isoﬂurane/oxygen mixture of anesthesia, a rostral to caudal
incision wasmade to retract the scalp. The impact coordinates from the
bregmawere (in mm): X (lateral): 3.0, Y (posterior):−2.0, Z (ventral):
−1.5 (Fig. 1). The angle of the 5 mm diameter impactor tip was set at
15° so that the impactor tip was approximately parallel to the surface
of the skull. The CHI was delivered with a velocity of 4 m/s and a
dwell time of 100 ms. These coordinates and impact parameters deﬁne
the neocortical peri-infarct site (Fig. 1). The CCI coordinates and param-
eters were selected to achieve minimal or histologically non-detectable
damage to the ipsilateral hippocampus throughout the repetitive injury.
After each surgery, the scalpwas closedwith sutures and themousewas
kept on a heated pad (36 °C) during anesthesia. Themicewere returned
to the clean home cage (maximum of fourmice per cage) with food and
water ad libitum and the cage was kept on a heated pad (38 °C). After
each injury allmicewere closely observed for ~1–2 h by the investigator
to detect any abnormal behavior. The cage was then moved to the reg-
ular animal room where the animals are monitored by laboratory and
veterinary staff for any abnormal status. The Shammice underwent all
handling like the CHI mice, with anesthesia, opening of the scalp, and
suturing of the skin, except the impactor tip was not released. Three re-
petitive injuries and/or sham surgeries were performed for three con-
secutive days approximately at the same time of the day. The handling
of the mice and duration of anesthesia were the same for TBI and
sham injuredmice tominimize confounding factors related to repetitive
use of anesthesia and mouse handling (Statler et al., 2006; Yurdakoc
et al., 2008).
2.3. Methods
2.3.1. Histopathology
For histopathological analysis mice were perfused intracardially
with PBS (pH 7.4) followed by PBS and 4% PFA (wt/vol). The extracted
brains were then ﬁxed in PFA for 12 h at 4 °C followed by overnight in-
cubation in 20% sucrose (wt/vol) solution and then were sent to
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hematoxylin and eosin (H&E) by standard protocols.
2.3.2. Slice preparation for electrophysiological recordings
3× CHI or 3× Sham-injured male mice, 7–8 weeks old, were anes-
thetized with isoﬂurane, decapitated, and the brain was rapidly re-
moved and placed in ice cold (~4 °C) high-sucrose ACSF cutting
solution containing (in mM): sucrose, 206; NaHCO3, 26; D-glucose, 10;
MgSO4, 2; MgCl2∗6H2O, 1; NaH2PO4, 1.25; KCl, 2; CaCl2, 1, bubbled
with a mixture of 95% O2/5% CO2.
As in our previous studies we used 400 μm thick parasagittal slices
(Best et al., 2012; Chakrabarti et al., 2010), which were cut with a
LeicaVT1200S vibrating blademicrotome (Buffalo Grove, IL, USA). Slices
were used for either extracellular or patch-clamp recordings. For extra-
cellular recordings, slices were rapidly transferred to a holding chamber
at the interface between warm (32 °C) standard ACSF (pH 7.4) that
contained (in mM): NaCl 119, KCl 2.5, NaH2PO4 1, D-glucose 11,
NaHCO3 26.2, MgSO4∗7H2O 1.3, CaCl2 2.5 and bubbled with a mixture
of 95% O2/5% CO2 (Siarey et al., 2006). The slices were superfused
(1 ml/min) and allowed to equilibrate in the recording chamber for at
least 1 h prior to recording (Siarey et al., 2006).
For whole cell recordings, slices were immediately transferred to a
warmed (~34 °C) solution of whole-cell recording ACSF containing (in
mM): NaCl, 126; sucrose, 20; NaHCO3, 26; D-glucose, 10; KCl, 3;
NaH2PO4, 1.25; MgSO4, 2; CaCl2, 2, bubbled with a mixture of 95% O2/
5% CO2. After 30 min, the slices were transferred to room temperature
(~21 °C), where they were maintained for at least 1 h before recording,
while continuously being bubbled with 95% O2/5% CO2.
2.3.3. Assessment of paired-pulse facilitation of Schaffer collateral-CA1
synapses and long-term potentiation experiments in the CA1 area of the
hippocampus
Extracellular ﬁeld potential recordings that were conducted to as-
sess paired-pulse facilitation (PPF) and long-term potentiation (LTP)
were modeled Siarey et al. (1999, 2006, 2005), with the exception
that 400 μm parasagittal hippocampal slices were used. This approach
allowed us to carry out extracellular recordings and patch-clamp re-
cordings on slices with the same hippocampal circuitry.
The fEPSP was recorded using an Axon 200B ampliﬁer and patch pi-
pette backﬁlledwith standardACSF. A concentric bipolar platinumstim-
ulating electrodewas inserted in the Schaffer collateral output fromCA3
and the recording glass borosilicate pipette, ﬁlled with standard ACSF,
was placed in the CA1 stratum radiatum.
To measure associative CA1 hippocampal LTP, fEPSPs were evoked
from the Schaffer-collateral commissural pathway and the fEPSPs
were adjusted to 30% of their maximal response (Siarey et al., 2006).
The fEPSPs were digitized using a Universal Imaging PC and WinLTP
version 2.30D LTP-acquisition software (Dr. William Anderson, Depart-
ment of Anatomy, University of Bristol, UK; Anderson and Collingridge,
2007; Siarey et al., 2006). A baseline was achieved by applying a single
stimulus every 60 s for 30 min. The stimulus intensity (mA) remained
constant and was the same intensity that evokes 30% of the maximal
fEPSP response. CA1 LTP was induced with a single 1 s stimulus train
at 100 Hz (Siarey et al., 1999). The post-tetanic stimulation phase of
the recording averaged ﬁve consecutive waveforms collected at 60 s in-
tervals and their individual initial slopes (Siarey et al., 2006). Repeated-
measures ANOVAwas used to compare the differences in percent fEPSP
slope change (mV/ms) between the CHI and sham-injuredmice (Siarey
et al., 1999, 2006).
In order to assess PPF of Schaffer collateral-CA1 synapses a constant
stimulus intensity (mA) that evoked 30% of themaximal fEPSP response
was used. After achieving a stable 30min baseline, the PPF protocol was
started. For each pulse interval, a single slope value was acquired by av-
eraging ﬁve consecutive waveforms obtained by applying a single stim-
ulus of constant intensity of 1–5mA every 60 s. The pulse intervals (ms)
used were: 500, 400, 300, 200, 100, 80, 50, 40, 30, 20, and 10.2.3.4. Intrinsic membrane properties of CA1 pyramidal neurons
Whole-cell patch-clamp recordings of cells located in area CA1 were
performed seven days after the ﬁnal CHI or sham injury. Using a Hama-
matsu C2400 CCD IR camera, cells located in area CA1 were identiﬁed,
and a whole-cell patch-clamp conﬁguration was obtained with a boro-
silicate patch pipette of resistance 3–5 MΩ containing (in mM): K-
gluconate, 130; NaCl, 15; EGTA, 1; HEPES, 5; Mg2+-ATP, 4; Na+-GTP,
0.3; and CaCl2, 0.2. The pHwas adjusted to 7.3 with KOH, and the osmo-
larity was calculated at 285 mOsm. A 5 mV hyperpolarizing step from a
holdingpotential of−70mVwas applied to estimate themembrane ca-
pacitance (Cm) and resistance (Rm) at the initiation of thewhole-cell ac-
cess and at intervals throughout the recording. Likewise, the resting
membrane potential (Vm) was measured in current-clamp (zero-cur-
rentmode) at the beginning of each recording, andmonitored through-
out the experiment to assess andmonitor cell viability. Recordingswere
performed in voltage-clamp conﬁguration and data acquired with an
Axopatch 200B ampliﬁer (Axon Instruments/Molecular Devices, Sunny-
vale, CA), ﬁltered at 10 kHz (Lowpass Bessel ﬁlter at 80 dB/decade, NPI,
ALA Scientiﬁc Instruments, Inc., Westbury, NY, USA). Data was acquired
and stored on a Dell Optiplex 780 personal computer using Clampex ac-
quisition software (Axon Instruments).
Action potentials were elicited from pyramidal neurons in area
CA1 at increasing steps (20 pA) while recording in I-Clamp Normal
mode at −70 mV with pClamp analytical software. Spike threshold
was evaluated by visually identifying the voltage at whichmaximum ac-
celeration occurred within the rising phase of the ﬁrst spike of the neu-
ron. Custom analysis functions written inside the data analysis program
IGOR (Wavemetrics Inc., Portland, OR) were used to analyze the action
potential shape and frequency properties. For action potential shape
analysis only the ﬁrst evoked spike at the lowest depolarization thresh-
old was analyzed. The analysis functions measured the spike amplitude
(mV), half-width at half-amplitude (ms), threshold (mV), rheobase
(pA), average ﬁring frequency (Hz), antipeak amplitude (mV), maxi-
mum rise slope (mV/ms), and maximum decay slope (mV/ms).
2.4. Network properties in the area CA1 of the hippocampus
Whole-cell patch-clamp recordings of cells located in area CA1 were
performed seven days after the ﬁnal CHI or sham injury. Using a Hama-
matsu C2400 CCD IR camera, cells located in area CA1 were identiﬁed,
and a whole-cell patch-clamp conﬁguration was obtained with a boro-
silicate patch pipette of resistance 3–5MΩ containing (in mM): cesium
hydroxide, 135; gluconic acid, 135; MgCl2, 10; EGTA, 1; HEPES, 10;
Mg2+-ATP, 2; Na+-GTP, 0.2; CaCl2, 0.1; QX-314, 2; and pH = 7.3. The
combination of cesium gluconate and QX-314 permits the cell to be
held at more depolarized levels without creating the risk of generating
breakthrough action potentials during recordings. We used an ATP-
regenerating intracellular solution, which enables longer recording
times while maintaining accurate measurements of neural activity
(Forscher andOxford, 1985). For the spontaneous excitatory postsynap-
tic current protocol, ﬁve-minute duration recordingswere performed in
gap-free voltage-clamp mode, with the holding potential set at
−55 mV, the empirically determined reversal potential for chloride
under our recording conditions. For the spontaneous inhibitory post-
synaptic current protocol, ﬁve minute duration recordings were per-
formed in gap-free voltage-clamp mode, with the holding potential
set at 0 mV, the empirically determined reversal potential for cations
under our recording conditions. Theminiature excitatory and inhibitory
postsynaptic current protocols were the same as the spontaneous cur-
rent protocols except that 1 μM TTX was added to the standard ACSF.
At this concentration, TTX blocks voltage-gated sodium currents, and
renders all neurons in the entire slice incapable of ﬁring action poten-
tials. This ensures that activity recorded with TTX is action potential-
independent in nature, and reﬂects only the spontaneous (i.e., vesicle
release not evoked by action potentials), quantal release of presynaptic
neurotransmitter vesicles.
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Both 3× CHI and 3× Shammicewere tested for contextual/cued fear
by assessing freezing responses following foot shock (unconditioned
stimulus) paired with context and/or cue/tone (conditioned stimulus)
(Curzon et al., 2009; Graves et al., 2003). For the initial training session,
mice were placed individually in Plexiglas chambers with a wire grid
ﬂoor inside a dimly lit enclosure (Ugo Basile, Varese, Italy) with a
black and white striped or checkered backdrop. Mouse movements
were recorded and analyzed for freezing behavior usingANY-maze soft-
ware (Stoelting Co., Wood Dale, IL). The training session consisted of a
two minute acclimation period followed by two 30 s tones at one min-
ute intervals. A two second 0.5 mA foot shock was delivered at the end
of each tone, with a one minute monitoring period after the ﬁnal tone/
shock. Mice were returned to their home cages at the end of the test.
Context-dependent memory formation one and two weeks after the
training sessionwas tested by returning themice to identical chambers.
During these tests mice were monitored for freezing behavior and no
additional foot shocks or tones were delivered. After each context test,
the mice were returned to their home cage for at least 30 min before
being returned to the fear conditioning chamber but with a novel con-
text. Activity was monitored for 3 min followed by an additional
3 min period during which the tone from the training session was
played. After a ﬁnal one minute monitoring period the mice were
returned to their home cages.
2.6. Statistics
All results are presented asmean± SEM. Student's t-tests or repeat-
edmeasures ANOVAwere used to test statistical signiﬁcance and signif-
icancewas assigned as p ≤ 0.05. Statistical analysis was performed using
SigmaPlot (Systat Software, Inc., San Jose, CA) or Excel software
(Microsoft, Microsoft Excel 2010, Redmond, WA).
Statistical analysis of spontaneous currents was performed using
the Kolmogorov–Smirnov test with IGOR analytical software
(Wavemetrics, Inc.)
3. Results
3.1. Head injury observations
In characterizing this model we found that 3× CHI mice may have
someminimal skull hairline fracture (only during the ﬁnal, third impact
and in less than 10% of the mice), with no visible external bleeding and
no confounding effect on obtained results. Initial examination per-
formed by Dr. Eric Lombardini, Veterinarian-Pathologist, U.S. Army,
LTC, AFRRI/USUHS, showed no detectable signiﬁcant histopathological
changes in the hippocampus. More detailed examinations of brains
from 3× CHI mice were carried out and their results are summarized
in Fig. 2. 3× CHI produced a focal contusion involving superﬁcial cortical
layers or in some animals a small focal hemorrhage conﬁned to the su-
perﬁcial cortical layers, extending to layer 3 only on the ipsilateral side.
There was no visible pathology in the hippocampus and corpus
callosum in H&E stains or on the contralateral side, and no pathology
in the 3× Sham brains (8 mice 3× CHI vs. 7 mice 3× Sham).
3.2. LTP in the area CA1 of hippocampus
In order to measure impairments in synaptic plasticity mechanisms
in mice subjected to 1× CHI and 3× CHI, we performed ﬁeld electro-
physiological recordings and assessed CA3 to CA1 afferents using high
frequency tetanus stimulation of the Schaffer collaterals (100Hz) proto-
col. These recordings were performed one week after the ﬁnal injury
(1× or 3× Sham or CHI). After 30min of stable baseline, the LTP tetanus
was applied and fEPSPswere recorded for 60min.We compared the ab-
solute levels of fEPSP slope throughout 30 min of baseline for 3× CHIand 3× Sham, and then for 1× CHI and 1× Sham. There were no statis-
tical differences for baseline stimulation between each injury group, for
both 1×CHI and 1× Shamwith respective values (−0.27±0.04mV/ms
and−0.23 ± 0.03 mV/ms; t-test p= 0.460), and 3× CHI and 3× Sham
(−0.17±0.02mV/ms and−0.19±0.01mV/ms; t-test p=0.549). LTP
measurements from single injured 1× CHI mice yielded no signiﬁcant
differences between treatment groups (Fig. 3A). However, signiﬁcantly
enhanced LTP was observed in the 3× CHI hippocampal slices that
were ipsilateral to the injury with respect to the 3× CHI contralateral
and 3× Sham-injured slices (Fig. 3B). Thus, while LTP was achieved in
all treatment groups, the magnitude of potentiation was signiﬁcantly
greater in the 3× CHI ipsilateral slices compared to that observed in
the 3× CHI contralateral and 3× Sham-injured slices (p = 0.002, by
two-way repeated measures ANOVA).3.3. PPF of Schaffer collaterals synapses
In order to further evaluate impairments in synaptic mechanisms
in mice subjected to 3× CHI, we performed ﬁeld electrophysiological
recordings and assessed CA3 to CA1 afferents using PPF protocol. In
each case, facilitation began at the 300 ms stimulus interval and
persisted until approximately the 80 ms stimulus interval. At the
50, 40, 30, 20, and 10 ms stimulus intervals, a gradual decline in
the magnitude of facilitation was observed. PPF was observed in hip-
pocampal slices from 3× CHI (including those obtained from the
hemisphere ipsilateral or contralateral to the impact site) and 3×
Sham treatment groups with no signiﬁcant difference between the
TBI groups and control group (Fig. 4).
In summary, these data generated from the extracellular ﬁeld
potential recordings in ipsilateral CA1 demonstrate a signiﬁcant en-
hancement of synaptic plasticity and normal paired-pulse facilita-
tion of these Schaffer collateral afferent areas in 3× CHI. However,
ﬁeld potential experiments cannot detect changes in electrophysio-
logical properties or excitatory and inhibitory drive at a single-cell
level. In order to identify these alterations at the cellular level we
subsequently performed whole-cell patch-clamp recordings from
individual CA1 pyramidal neurons.3.4. Intrinsic membrane properties of CA1 hippocampal neurons
3× CHI had no signiﬁcant effect on the passive intrinsic mem-
brane properties one week after the third and ﬁnal injury
(Table 1). Resting membrane potential, membrane capacitance,
membrane resistance, and the membrane time constant, tau,
were all statistically unchanged. However, for four of the eight
active intrinsic membrane properties, a signiﬁcant difference was
seen in the 3× CHI treatment group. Speciﬁcally, the triple-
injured mice displayed a larger action potential amplitude (~5% in-
crease), a decreased half-width at half-amplitude, and increased
maximum rise and absolute value of decay slopes (~8% increase,
Fig. 5). The values for the unchanged measures of rheobase, AP
threshold and afterhyperpolarization (AHP) parameters are pro-
vided in Table 2.
The absence of changes in the passive properties suggests that
while 3× CHI alters the network activity (i.e., enhanced LTP), the
electrophysiological properties of the individual CA1 neurons,
such as size (capacitance), membrane resistance, and membrane
resting potential were unaffected by the triple injury. Nevertheless,
the signiﬁcant differences in action potential characteristics with-
out changes in passive properties may suggest changes in somatic
and perisomatic voltage-dependent channels in CA1 neurons from
3× CHI mice (e.g. Mitterdorfer and Bean, 2002; Stuart and
Sakmann, 1994). Interestingly, no changes in frequency of AP ﬁring
or AP threshold were detected following rTBI.
Fig. 2.Histopathologic appearance of brain following3×CHI. Representative images are derived fromhematoxylin and eosin stained slides of animals sacriﬁced 7 days following3× Sham/
controls (A) and 3× CHI (B). Panels depict 4× (A1/B1), 10× (A2/B2) and 20× (A3/B3) objective views. Note thewedge-shaped cortical contusion seen in the TBI animal (B1–3) extending
from thepial surface to themid-portion of the cortical thickness. This focal lesion consists of disruption of theneuropil accompanied by inﬁltration of astrocytes andmacrophage/microglia,
some of which contain hemosiderin pigment. The adjacent hippocampus (ipsilateral side) appears morphologically intact.
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neurons of hippocampus
3× CHI altered sEPSCs one week after the ﬁnal injury (Fig. 5).
Representative traces showed increased sEPSC frequencies but smaller
amplitudes for the 3× CHI neurons compared to those from the Sham
group (Fig. 6A). Group data shown in the cumulative probability plots
demonstrate an increased sEPSC frequency in the 3× CHI neurons
(Fig. 6B), which is consistent with an increase in excitatory drive in the
CA1 neurons. The sEPSC peak amplitude was decreased in the 3× CHI
CA1 pyramidal neurons (Fig. 6C). Likewise, the charge transfer was re-
duced (Fig. 6D) paralleling changes observed in the sEPSC peak ampli-
tude. The sEPSC maximum rise time was unaltered (Fig. 6E), but subtle
changes in the maximum decay time were observed (Fig. 5F). In order
to directly assess the potential impact of increased shunting currents on
amplitude and kinetics of sEPCSs, whole-cell recordings in the presenceof GABAA receptor (GABAAR) antagonists should be performed in future
studies.
3× CHI also altered mEPSCs one week after the ﬁnal injury (Fig. 7).
Representative traces show that 3× CHI cells exhibit both an increased
frequency of events and larger peak amplitudes ofmEPSCs (Fig. 7A). Cu-
mulative probability plots revealed an increased mEPSC frequency
(Fig. 7B), which is consistent with an increase in the number of gluta-
matergic postsynaptic synapses and/or increased probability of gluta-
mate release. An increase in axonal sprouting during the post-injury
restoration phase would also be consistent with these results, thereby
leading to an increase in the number of excitatory glutamatergic synap-
ses onto CA1 pyramidal neurons. The increase in peak amplitude of
mEPSCs (Fig. 7C) suggests that thereweremore functional AMPA recep-
tors on postsynaptic sites, and/or that the action potential (AP)-inde-
pendent synaptic vesicles had a larger content of glutamate. The
increased charge transfer (Fig. 7D) also reﬂects these changes. In
Fig. 3. Enhanced CA1 hippocampal long-term potentiation observed in 3× CHI mice one
week after the ﬁnal injury. (A) Normal CA1 hippocampal long-term potentiation
observed in 1× CHI mice one week after the ﬁnal injury. Statistical analysis was
performed using two-way repeated measures ANOVA and no statistically signiﬁcant
difference was detected for LTP measured in 1× CHI ipsilateral hippocampus (14 mice,
16 slices) and 1× Sham hippocampus (n = 9 mice, 9 slices). (B) Augmented CA1
hippocampal long-term potentiation observed in 3× CHI mice one week after the ﬁnal
injury. For the 3× CHI ipsilateral treatment group: 21 ipsilateral hippocampal slices
were used from 13 mice. For the 3× CHI contralateral treatment group: 22 contralateral
slices were used from 12 mice. For the 3× Sham-combined treatment group: 30 slices
were used from 17 mice. Statistical analysis was performed using two-way repeated
measures ANOVA and the LTP measured in 3× CHI ipsilateral hippocampal slices was
signiﬁcantly increased in comparison to LTP measured in 3× Sham and 3× Contralateral
hippocampal slices at p = 0.002 followed by Holm–Sidak post-hoc comparison, which
revealed signiﬁcant differences between 3× CHI ipsilateral vs 3× Sham for all time
points after tetanus at (p b 0.05) except at 55 min and 60 min, where signiﬁcance was
at p = 0.06 and p = 0.07, respectively; for 3× CHI ipsilateral hippocampus (n = 13
mice, 21 slices), 3× CHI contralateral hippocampus (n = 12 mice, 22 slices) and 3×
Sham hippocampus (n = 17 mice, 30 slices).
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maximumdecay time (Fig. 7F) suggest changes in the subunit composi-
tion of AMPA and/or kainate receptors.
3.6. Spontaneous and miniature inhibitory postsynaptic currents in CA1
hippocampal neurons
3× CHI also altered sIPSCs one week after the ﬁnal injury (Fig. 8).
Similarly to sEPSCs, sIPSCs represent amixture of both somatic and den-
dritic inputs; and furthermore is a sensitive measure of synaptic inhibi-
tion (Hunt et al., 2011). Representative traces show both increased
frequency of sIPSCs and smaller peak amplitude for the 3× CHI cells
(Fig. 8A). The cumulative probability plot shows that the 3× CHIpyramidal neurons demonstrated increased sIPSC frequency (Fig. 8B).
This increase in frequency was consistent with the increased frequency
observed in the sEPSC recordings (Fig. 6B), which showed increased ex-
citatory drive and activity of excitatory neurons. More active excitatory
neurons are likely driving the increased activity of inhibitory neurons.
However, the peak amplitude (Fig. 8C) was decreased, suggesting a
role for activity-dependent shunting of currents at the distal synapses
and/or a deﬁcit in the activity-dependent neurotransmitter (GABA) ves-
icle release. The charge transfer sIPSCs (Fig. 8D)was likewise decreased.
The kinetics of spontaneous IPSCs were affected by 3× CHI. The de-
creased maximum rise time (Fig. 7E) and decay time (Fig. 8F) suggest
changes in postsynaptic GABAAR subunit composition and would not
be consistent with contribution from the shunting of these currents.
3× CHI alteredminiature inhibitory postsynaptic currents oneweek
after the ﬁnal injury (Fig. 9). Representative traces show a larger peak
amplitude for the 3× CHI CA1 pyramidal neuronswhile they also exhib-
it a slight reduction in frequency of mIPSCs (Fig. 9A). The cumulative
probability plot shows that the 3× CHI cells demonstrated decreased
sIPSC frequency (Fig. 9B) which is consistent with a lower number of
GABAergic synapses (e.g., the pruning of GABAergic afferents) and/or
reduced probability GABA release. However, the increased peak ampli-
tude (Fig. 9C) suggests an increase in the number of functional GABAARs
within the synapse, and/or a larger content of GABA neurotransmitter in
a speciﬁc pool of AP-independentGABA synaptic vesicles.Moreover, the
increased charge transfer (Fig. 9D) reﬂects the increase in peak ampli-
tude, and also suggests stronger GABAergic synapses, more permeable
GABAARs or a larger content of GABA neurotransmitter contained with-
in a speciﬁc pool of action potential independent synaptic vesicles. The
decreasedmaximum rise time (Fig. 9E), together with subtle changes in
maximum decay time (Fig. 9F), suggests changes in the subunit compo-
sition of GABAergic receptors.
3.7. Behavioral phenotype in fear conditioning tasks following 3× CHI
During the fear conditioning training session, both 3× Sham and 3×
CHI mice showed an increase in freezing behavior following each tone/
shock pairing (Fig. 10A). This overall increase in freezing behavior over
timewas signiﬁcant but the responses between groups were not signif-
icantly different (2-way repeated measures ANOVA, Test segment:
p b 0.001; “Treatment × Test Segment” interaction: p = 0.22; N = 8
and 12 for 3× Sham and 3× CHI respectively). When mice were
returned to the training context one week later, 3× CHI mice spent sig-
niﬁcantly less time freezing during the middle minute of the test com-
pared to 3× Sham (Fig. 10B; 21 ± 3 s versus 31 ± 4 s respectively,
p = 0.022). Two weeks after the training session, 3× CHI mice froze
less in both the ﬁrst (9 ± 2 s versus 20 ± 3 s 3× CHI and 3× Sham re-
spectively; p = 0.004) middle (15 ± 2 s versus 35 ± 4 s 3× CHI and
3× Sham respectively; p b 0.001) minutes (Fig. 10B). No signiﬁcant dif-
ferences were observed between the freezing behaviors of 3× CHI and
3× Sham during the cued tone at either 1 or 2 weeks after the training
session (Fig. 10C; 2-way repeated measures ANOVA
“Treatment×Week Post-Injury” interactions for eachminute: ﬁrstmin-
ute: p=0.3,middleminute: p=0.4; last minute: p=0.063). These re-
sults suggest that 3× CHI mice experience a signiﬁcant deﬁciency in
hippocampal-mediated learning compared to control 3× Sham mice.
Although the differences in freezing behavior during the cued compo-
nentwere not signiﬁcant, 3× CHI mice tended to show less freezing be-
havior during this component of the test as well suggesting amygdala
circuits might also be affected by the triple injury.
4. Discussion
4.1. Remodeling of electrophysiological properties in CA1 area
Our present study using a novel mousemodel of rTBI found changes
in synaptic plasticity expressed as enhanced LTP with impairments in
Fig. 4. Schaffer collateral-CA1 synapses exhibit normal paired-pulse facilitation in 3× CHImice oneweek after the ﬁnal injury. Using a constant stimulus intensity (mA) that evoked 30% of
themaximal fEPSP response, a 30-min baselinewas acquired. Facilitationwas observed to begin at approximately the 300ms stimulus interval, and persist to the 80ms stimulus interval.
Stimulus intervals less than80msproduced declining facilitation,when comparing thepercent change slope of the second response to theﬁrst response. Statistical analysiswasperformed
using two-way repeatedmeasures ANOVA and no statistically signiﬁcant differencewas detected between PPFmeasured in 3× CHI Ipsilateral hippocampus (n= 8mice, 9 slices), 3× CHI
contralateral hippocampus (n = 4 mice, 4 slices) and 3× Sham hippocampus (n = 10 mice, 10 slices).
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ﬁnal injury, a ﬁnding which has not been previously reported (see re-
view Brody et al., 2015). In addition, whole-cell patch-clamp recordings
revealed alterations in four of eight active intrinsic membrane proper-
ties. CA1 neurons from the triple-injured mice exhibited slightly larger
AP amplitudes, shorter half-width, and increases in both maximum
rise and maximum decay slopes. The changes in maximum rise and
decay slopes are consistent with increases in voltage-dependent Na+
and K+ currents, and suggest that the balance between these currents
was altered in the triple-injured mice. At the same time AP frequency
responses, AP threshold and resting membrane potentials appear not
to be affected by 3× CHI. It is interesting to note that increase in
voltage-dependent Na+ channels were observed in a cell culture
model of rTAI, where a single injury caused an increase in the expres-
sion of voltage-gatedNa+ channels along the axons thatwere otherwise
morphologically unremarkable (Yuen et al., 2009). However, a second
subsequent injury caused a pathological increase in voltage-
dependent TTX-sensitive Na+ channels, which in turn promoted an in-
crease in intracellular Ca2+ triggering pathophysiological cascade that
resulted in TAI (Yuen et al., 2009).Table 1
Passive intrinsic membrane properties are unaffected by 3× CHI, one week after the ﬁnal injur
N Vm (mV) Cm (pF)
3× CHI 3× Sham 3× CHI 3× Sham
65 cells from 14
mice
39 cells from 10
mice
65 cells from 14
mice
39 cells from 1
mice
Mean −57.3 −57.6 121.4 118.0
SEM 1.0 1.4 5.6 6.0
p-Value 0.413 0.342
A 5mV hyperpolarizing step from a holding potential of−70mVwas applied to estimate them
thewhole-cell access and at intervals throughout the recording. Likewise, the restingmembran
each recording, and throughout the experiment to assess and monitor cell viability. The memb
itance by the membrane resistance. Recordings were performed in voltage-clamp conﬁguratioVoltage-clamp recordings of spontaneous current activity provided
further evidence that CA1 pyramidal neurons ipsilateral to the injury
underwent a ﬁne functional shift between excitatory and inhibitory in-
puts. The increased frequency and decreased amplitude and charge
transfer of the spontaneous excitatory postsynaptic currents suggest
that there was an increase in excitatory drive in CA1 pyramidal neurons
ipsilateral to the injury. This may suggest an attenuation of the signal
due to activity-dependent shunting of current in the distal GABAergic
receptors, a deﬁcit in the readily releasable pool of the glutamate-
containing vesicles and/or mechanism related to release of different
vesicle pools (He and Bausch, 2014; Sara et al., 2005). Because the rest-
ing membrane potential, membrane resistance, and membrane time
constant are all unaltered (Table 1), it is less likely that the triple-
injured CA1 neurons have an increase in shunting current driven by
proximal GABAergic synapses. In addition, the AP amplitude was larger
for the 3× CHI cells, while the half-width was smaller. These reciprocal
changes in AP amplitude and half-width likely offset each other so we
do not expect a change in magnitude of depolarization in presynaptic
neurons. However, it is still possible that a change in presynaptic gluta-
mate release could occur. It should be noted that the results of PPFy.
Rm (MΩ) Tau (ms)
3× CHI 3× Sham 3× CHI 3× Sham
0 65 cells from 14
mice
39 cells from 10
mice
65 cells from 14
mice
39 cells from 10
mice
69.1 74.8 5.0 5.0
6.6 9.3 b0.1 b0.1
0.310 0.230
embrane capacitance (Cm in pF) andmembrane resistance (Rm inMΩ) at the initiation of
e potential (Vm inmV)was inmeasured in current-clamp (I= 0mode) at the beginning of
rane time constant, tau, was calculated by multiplying the value of the membrane capac-
n. Statistical analysis was performed using a Student's t-test (p b 0.05).
Fig. 5. Active intrinsic properties of CA1 hippocampal pyramidal neurons are altered by 3× CHI one week after the ﬁnal injury. In the presence of potassium-gluconate intracellular
solution, CA1 pyramidal neurons were whole-cell patch clamped. Representative traces for both 3× CHI (top left) and 3× Sham (top right) demonstrate the ﬁring pattern of the ﬁrst
action potential ﬁred by the CA1 pyramidal neurons. Signiﬁcant changes were observed in action potential amplitude (mV) (A), action potential width at half-amplitude (ms) (B),
maximum rise slope (mV/ms) (C), and maximum decay slope (mV/ms) (D). 3× CHI (n) = 65 cells from 14 mice (with 1 to 10 cells per mouse), and 3× Sham (n) = 39 cells from 10
mice (with 2 to 6 cells per mouse). Statistical analysis was performed by Student's t-test (p b 0.05).
Table 2
Four of the active intrinsic membrane properties are unaffected by 3× CHI, one week after the ﬁnal injury.
N Rheobase
(pA)
Threshold
(mV)
Threshold to afterhyperpolarization
(mV)
Afterhyperpolarization minimum
(mV)
3× CHI 3× Sham 3× CHI 3× Sham 3× CHI 3× Sham 3× CHI 3× Sham
65 cells from 14
mice
39 cells from 10
mice
65 cells from 14
mice
39 cells from 10
mice
65 cells from 14
mice
39 cells from 10
mice
65 cells from 14
mice
39 cells from 10
mice
Mean 14.3 15.1 −47.1 −46.8 9.46 9.67 −56.5 −57.1
SEM 0.74 1.02 4.94 1.05 1.09 1.61 0.89 1.78
p-Value 0.26 0.41 0.46 0.40
Action potentialswere elicited from regular-spiking neurons in area CA1 at increasing steps (20 pA)while recording in I-ClampNormalmode at−70mVwith pClamp analytical software.
Spike thresholdwas evaluated by visually identifying the voltage at whichmaximum acceleration occurredwithin the rising phase of the ﬁrst spike of the neuron. We generally observed
that the ﬁrst action potential in these neurons exhibited multiple spikes (ranging from 2 to 10 spikes). Properties featured in Table 2 are rheobase (pA), threshold (mV), threshold to
afterhyperpolarization (mV), and after-hyperpolarization minimum (mV). Statistical analysis was performed using a Student's t-test (p b 0.05).
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Fig. 6. 3× CHI alters spontaneous excitatory postsynaptic currents of CA1 hippocampal pyramidal neurons oneweek after the ﬁnal injury. Representative traces show increased frequency
of events for the 3× CHI cells,while the 3× Shamcells exhibit a larger peak amplitude. Cumulative probability plots show that the 3× CHI cells demonstrate increased sEPSC frequency (B),
decreased peak amplitude (C), decreased charge transfer (D), not signiﬁcantly alteredmaximum rise time (E), and signiﬁcantly alteredmaximumdecay time (F). For the 3× CHI group, 25
cells were recorded from a total of 6mice. For the 3× Sham group, 20 cells were recorded from 5mice. Statistical analysiswas performed using the Kolmogorov–Smirnov test. The symbol
**** indicates a signiﬁcant difference from 3× Sham (p b 0.0001). The symbol *** indicates a signiﬁcant difference from 3× Sham (p b 0.001).
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Schaffer collateral afferents (Fig. 4) but Schaffer collaterals are not the
only afferents that terminate on CA1 pyramidal neurons (Reeves et al.,
1997). In addition, the miniature excitatory postsynaptic currents ex-
hibited increases in frequency, amplitude, and charge transfer. These re-
sults suggest more numerous excitatory synapses and/or increases in
probability release of glutamate, and increase in cationic permeability
of synaptic AMPARs. The types of AMPARs consistent with these results
are Ca2+-permeable GluA2 subunit-lacking AMPARs. In addition,
changes in posttranslational modiﬁcations of AMPAR subunits can also
affect excitatory responses (Yokoi et al., 2012). Ourﬁndings also suggest
that excitatory synapses could be more depolarized and therefore ex-
hibit weaker Mg2+ block of NMDARs, as was shown in the single injury
ﬂuid percussion model (Reeves et al., 1995) and in an in vitro cultured
system following mechanical injury (McMillan, 1990; Zhang et al.,
1996).The spontaneous inhibitory synaptic currents of CA1 pyramidal neu-
rons ipsilateral to the injury demonstrated an increase in frequency,
while the amplitude, charge transfer, rise time, and decay time were
all decreased. The small increase in frequency of spontaneous IPSCs
can be explained by increased activity of excitatory neurons, while
changes in amplitude can be explained by increases in tonic inhibition
and/or changes in AP-driven vesicle pools (Kirischuk and Grantyn,
2000). We speculate that the decreased frequency of mIPSCs/pruning
effect, coupled with the increase in peak amplitude, serves to offset
the reduction in inhibitory drive so both effects tend to compensate
each other. Changes in kinetics of mIPSCs would be consistent with
changes in GABAAR subunits (Holopainen and Lauren, 2003), however,
changes in posttranslational modiﬁcations of GABAAR subunits can also
modulate inhibitory responses (Vithlani et al., 2011). Dendritic excit-
ability in CA1 pyramidal neurons is governed by tonic inhibitory cur-
rents that are regulated by the α5 and δ subunits of the GABAAR
Fig. 7. 3× CHI altersminiature excitatory postsynaptic currents of CA1 hippocampal pyramidal neurons oneweek after the ﬁnal injury. Voltage-gated sodium channel activity was blocked
by 1 μMTTX added to theACSF. (A) Representative traces show increased both frequency ofmEPSCs and larger peak amplitude for the 3×CHI cells. Cumulative probability plots show that
the 3× CHI cells demonstrate increased sIPSC frequency (B), increased peak amplitude (C), increased charge transfer (D), decreased maximum rise time (E), and increased maximum
decay time (F). For the 3× CHI group, 25 cells were recorded from a total of 6 mice. For the 3× Sham group, 20 cells were recorded from 5 mice. Statistical analysis was performed
using the Kolmogorov–Smirnov test. The symbol **** indicates a signiﬁcant difference from 3× Sham (p b 0.0001).
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promotes the transient expression of dendritic GABAARs that lack the
α5 and δ subunits, one week after the ﬁnal injury.
These observed alterations in amplitude and kinetics of the mEPSCs
and mIPSCs collectively suggest that changes in shunting mechanisms
are less likely after 3× CHI because the rise time of the mEPSCs and
mIPSCs are shortened and the amplitude is increased. Interestingly, aug-
mentation of the shunting inhibition mechanism has been recently im-
plicated in electrophysiological studieswith rodentmodels of TBI (Hunt
et al., 2011; Imbrosci and Mittmann, 2011; Mtchedlishvili et al., 2010).
Moreover, some evidence for changes in subunit composition of both
AMPA and GABAARs following TBI have been also revealed by other
studies (Kharlamov et al., 2011) (see below). In addition, based on im-
munohistochemical studies, microglia-mediated changes in excitatory
and inhibitory afferents have been previously proposed (Paolicelliet al., 2011; Schafer et al., 2012). However, physiological studies directly
addressing impact of TBI on a vesicle-pools and/or presynaptic release
mechanism are still lacking.
As summarized above, the CA1 neurons displayed changes in their
miniature inhibitory postsynaptic currents, where the frequency and
rise time were decreased while the amplitude, charge transfer, and
decay time were all increased. The reduction in frequency of mIPSCs
would be consistent with loss of GABAergic interneurons (Hunt et al.,
2011), and/or less numerous inhibitory synapses, decreases in the prob-
ability of release of GABA, whereas increase in mIPSC amplitude sug-
gests augmented anionic permeability of synaptic GABAARs (stronger
inhibitory synapses). These ﬁndings implicate GABAergic deﬁcits,
which have been previously reported in animal TBI studies
(Mtchedlishvili et al., 2010; Reeves et al., 1997) and in clinical studies
in boxers presenting neuropsychological features of rTBI (Bang et al.,
Fig. 8. 3× CHI alters spontaneous inhibitory postsynaptic currents of CA1 hippocampal pyramidal neurons one week after the ﬁnal injury. 3× CHI alters sIPSCs one week after the ﬁnal
injury. Representative traces show increased frequency of events for the 3× CHI cells, while the 3× Sham cells exhibit a larger peak amplitude (A). Cumulative probability plots show
that the 3× CHI cells demonstrate (B). Increased sIPSC frequency, decreased peak amplitude (C), decreased charge transfer (D), decreased maximum rise time (E), and decreased
maximum decay time (F). For the 3× CHI group, 25 cells were recorded from a total of 6 mice. For the 3× Sham group, 20 cells were recorded from 5 mice. Statistical analysis was
performed using the Kolmogorov–Smirnov test. The symbol **** indicates a signiﬁcant difference from 3× Sham (p b 0.0001).
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intrinsic active electrophysiological properties and excitatory and inhib-
itory synapses following 3× CHI leading to functional cellular/network
adaptations that impact AP characteristics and shift the balance be-
tween excitatory and inhibitory inputs of CA1 neurons ipsilateral to
the injury. These neurons would thus exhibit an increase in excitatory
drive and impaired inhibitory activity. These changesmay be accounted
for by alterations in subunit composition of both synaptic AMPA and
GABA receptors and be linked to increase in LTP.
4.2. Enhanced LTP does not correlate with a recovery of function
Our study is the ﬁrst to demonstrate enhanced LTP and impaired
spatial memory in an animal model of rTBI. Interestingly, employing a
lateral ﬂuid percussion model of mTBI, LTP was signiﬁcantly increased
in the ipsilateral versus contralateral hippocampus, whereas no LTP
was induced with a repetitive protocol 28 days post-injury (Aungstet al., 2014). Since 1× CHI did not yield any signiﬁcant differences in
LTPwhen compared to the 1× Sham group (Fig. 3), based on our results
it appears that multiple impacts are required to create this enhanced
long-term plasticity. Power analysis of single CHI suggest that the insig-
niﬁcant increase observed following this injurywould requireN=39 in
each group to become signiﬁcant at p = 0.05. This outcome strongly
suggests that the additive and/or synergistic effects of repetitive injury
produce signiﬁcant augmentation of LTP in our model of 3× CHI. Previ-
ous behavioral reports demonstrated that mice subjected to rTBI have
impaired spatial memory deﬁcits (Berberian et al., 1990; Creeley et al.,
2004; DeFord et al., 2002; Longhi et al., 2005; Meehan et al., 2012;
Mouzon et al., 2014; Petraglia et al., 2014).
Interestingly, previous studies on molecular signaling pathways
that drive hippocampal LTP have identiﬁed conditions where en-
hanced/facilitated synaptic plasticity was coupled with impaired
learning and memory. Bourtchouladze et al., reported that when
Gs-alpha is constitutively active the cAMP/PKA pathway becomes
Fig. 9. 3× CHI altersminiature inhibitory postsynaptic currents of CA1 hippocampal pyramidal neurons oneweek after theﬁnal injury. Voltage-gated sodium channel activitywas blocked
by 1 μMTTX added to the ACSF. Representative traces show a larger peak amplitude for the 3× CHI cells, while the 3× Shamcells exhibit an increased frequency ofmIPSCs (A). Cumulative
probability plots show that the 3× CHI cells demonstrate decreased sIPSC frequency (B), increased peak amplitude (C), increased charge transfer (D), decreased maximum rise time (E),
and increasedmaximumdecay time (F). For the 3× CHI group, 25 cellswere recorded froma total of 6mice. For the 3× Sham group, 20 cellswere recorded from5mice. Statistical analysis
was performed using the Kolmogorov–Smirnov. The symbol **** indicates a signiﬁcant difference from 3× Sham (p b 0.0001).
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genic mice demonstrated deﬁcits in spatial memory, cued-fear con-
ditioning tests and contextual fear conditioning (Bourtchouladze
et al., 2006). While it is well known that CREB phosphorylation is
needed for the formation of hippocampal-dependent spatial memo-
ry (Kandel et al., 2014), chronically enhanced CREB activity obstructs
the retrieval of spatial memories (Viosca et al., 2009) in spite of facil-
itated LTP (Barco et al., 2002).
Other animalmodels of neurological disease and disorders have also
reported augmented LTP coupled with cognitive/behavioral deﬁcits.
EAE, a mouse model of multiple sclerosis, facilitates the enhancement
of LTP by promoting the increased release of IL-1β by activatedmicrog-
lia and invading lymphocytes (Nistico et al., 2014) and exhibits spatial
memory impairments (Dutra et al., 2013). Moreover, a rat model of
stress demonstrated facilitation of hippocampal LTP due to insertion of
Ca2+-permeable AMPA receptors into synapses triggered by stress ortransient exposure to glucocorticoids (Whitehead et al., 2013), which
was previously associated with impairment of spatial memory
(Conrad et al., 1996). It is important to note changes in social behavior
following concussive rTBI (Klemenhagen et al., 2013).
However, the enhanced LTP observed in the 3× CHImay possibly be
the result of a cytokine-mediated neuroinﬂammatorymechanism, driv-
en by the microglia that were activated by repetitive head trauma
(Bennett et al., 2012). In fact, our latest results of immunohistochemical
experiments are consistentwith region-speciﬁcmicroglia activation fol-
lowing 3× CHI in weeks and months after injury (data not shown).
Given theﬁndings from this diverse array of studies, it is possible the
mechanismsdriving the enhanced LTP in ourmousemodel of rTBI could
share similarities with any of these animal models of increased synaptic
plasticity coupled with deﬁcits in learning andmemory suggesting pos-
sible role of neuroinﬂammation discussed below in addition to a poten-
tial activation of the PKA/CREB pathway.
Fig. 10.Hippocampalmediated fear conditioning is impaired in 3×CHImice. A: Time line of the training paradigmwhichoccurred oneweek after 3× CHI. The period of the 2× 30 s tones is
indicated by a light gray bar. The darker bar at the end of each tone indicates the 3 s shock period. There were no signiﬁcant differences between 3× Sham (N= 8) and 3× CHI (N= 12)
during the training period (2-two-way repeated measures ANOVA “Condition × Time Segment” interaction p= 0.22). Freezing in response to the context (B) or tone (C)was measured
one and two-weeks after the training session. Signiﬁcantly less freezing by 3× CHI micewas observed in the context test at both post-training time points (B; repeatedmeasures ANOVA
“Condition × Time Segment” interaction p=0.031). However, therewere no signiﬁcant differences in the cued test (C). *= p b 0.05 by Holm–Sidak post-hoc comparison, N=8 and N=
12 for 3× Sham and 3× CHI mice respectively.
239O.C. Logue et al. / Experimental Neurology 277 (2016) 227–2434.3. Differential regulation of the subunits of glutamatergic and GABAergic
receptors: a possible mechanism for rTBI-induced changes in hippocampal
circuitry
The CA1 pyramidal neurons synapses that include the Schaffer col-
laterals CA3–CA1 and local synapses within the CA1 ﬁeld are the most
meticulously studied synapses in the CNS (Rozov et al., 2012a). The del-
icate and complex balance between excitation and inhibition at the CA1
synapses is tightly regulated by the types and density of ionotropic
AMPA and GABA receptors (Klausberger, 2009), the subunit composi-
tion of those receptors (Lu et al., 2009; Soares et al., 2013), and the
gene expression and alternative splicing of the receptor subunits
(Penn et al., 2012). At the CA1 pyramidal neuron synapses, the “fast”
early component of postsynaptic signaling is produced by the cationic
current (predominantly Na+ and possibly Ca2+ due to their electro-
chemical gradients) ﬂowing through the AMPAR (Lu et al., 2009).
Over the past two decades, investigators have observed electrophys-
iological changes resulting from TBI as reviewed in (Cohen et al., 2007;
Phillips and Reeves, 2001) and more recently in (Goldstein et al., 2012;
Johnson et al., 2015).
Hyperexcitability in injured neurons has been attributed to: weak-
ened Mg2+ blockade of NMDARs (Zhang et al., 1996); impaired desen-
sitization of AMPARs (Goforth et al., 1999); increased extrasynaptic
GluN2B-containing NMDAR-mediated whole cell currents (Ferrario
et al., 2013); enhanced expression of synaptic Ca2+-permeable AMPARs
(Goforth et al., 2011); as well as changes in the subunit expression and
composition of both glutamatergic and GABAergic receptors
(Almeida-Suhett et al., 2015; Drexel et al., 2015; Ferrario et al., 2013;
Raible et al., 2012, 2015; Reger et al., 2012; Warren et al., 2012). Other
TBI models have replicated this altered subunit expression, and ob-
served that these changes persist for four months after the primary in-
jury (Drexel et al., 2015). More importantly, the extent of altered
subunit expression correlates bothwith the degree of injury and the se-
verity of the deﬁcits (Raible et al., 2015). A single TBImodel demonstrat-
ed that pharmacological inactivation of the JAK/STAT pathway post-TBIrestores GABAAR α1 subunit levels and rescues vestibular motor func-
tion (Raible et al., 2015). Based on the results from our mouse model
of rCHI and previously published studies (see above) it seems apparent
that injury-induced differential regulation of excitatory and inhibitory
receptor subunits may precede the progressive behavioral phenotype,
and therefore clinical signs and symptoms of mild rTBI. Thus, any clini-
cal therapies that target the cognitive and behavioral deﬁcits associated
with rTBImust address these electrophysiological changes (Raible et al.,
2015).
The alterations in Schaffer collateral synaptic plasticity and sponta-
neous activity of CA1 pyramidal neurons observed in our mouse
model of rTBI may have resulted from changes in AMPAR density,
AMPAR subunit composition, and AMPAR-mediated cationic current.
There is also evidence for possible changes in GABAergic receptors,
which will be discussed below.4.3.1. AMPARs on CA1 pyramidal neurons
AMPARs have a critical role in the induction of CA1 LTP, and both
their conductance and kinetics are directly correlated to the precise sub-
unit composition that comprise the AMPARs on CA1 pyramidal neurons
(Jia et al., 1996; Plant et al., 2006; Tsuzuki et al., 2001). When AMPARs
contain the GluA2 subunit, synaptically-evoked Ca2+ entry is depen-
dent upon NMDARs and voltage-gated Ca2+ channels (Isaac et al.,
2007). However, AMPARs that lack the GluA2 subunit also lack the
positively-charged arginine at position 607 in the M2 membrane loop;
therefore, these AMPARs conduct both Na+ and Ca2+ across the neuro-
nal membrane and are integral in CA1 synaptic plasticity and neuronal
activity (Lu et al., 2009; Soares et al., 2013). GluA2-containing AMPARs
(i.e., GluA1–GluA2 heteromers) comprise approximately 80% of all syn-
aptic AMPARs, as well as 95% of somatic extrasynaptic AMPARs on CA1
neurons, with the remaining GluA2-containing AMPARs of the GluA2–
GluA3 variety (Lu et al., 2009). Simultaneously the number and subunit
composition of synaptic NMDARs remains constant, NMDAR-mediated
EPSCs are unchanged, and CA1 dendritic morphology are unaffected
240 O.C. Logue et al. / Experimental Neurology 277 (2016) 227–243by a complete absence of AMPARs (both synaptic and extrasynaptic)
(Lu et al., 2009).
In addition to the population of GluA2-containing AMPARs, CA1 neu-
rons possess functional GluA2-lacking AMPARs. Numerous recent stud-
ies have not only conﬁrmed the presence of GluA2-lacking AMPARs on
CA1 pyramidal neurons, but that these Ca2+-permeable AMPARs are es-
sential for activity-dependent synaptic plasticity and hippocampal LTP
(Plant et al., 2006; Soares et al., 2013). Homeostatic synaptic plasticity
(HSP) is the ability of a neuron tomanage its own excitability in compar-
ison to the overall activity of the hippocampal network (Soares et al.,
2013). A proposedmechanism for HSP is synaptic scaling, a type of plas-
ticity that permits CA1 neurons to govern their overall action potential
ﬁring rates (Stellwagen and Malenka, 2006). GluA2-lacking AMPARs
participate is HSP in CA1 neurons, via synaptic scaling, and are found at
synapses, extrasynaptic dendritic sites, and even at the soma of CA1 neu-
rons (Stellwagen et al., 2005). These Ca2+-permeable, GluA2-lacking
AMPARs on CA1 neurons are further distinguished by their locations:
synaptic (Gardner et al., 2005), and extrasynaptic (Oh et al., 2006).
Interestingly, silencing hippocampal circuits with prolonged expo-
sure to TTX recruits Ca2+-permeable GluA2-lacking AMPARs at CA1
synapses, which results in a signiﬁcant increase in mEPSC amplitude
and an increase in hippocampal LTP (Turrigiano, 2008). The known
mechanisms underlying trafﬁcking, gating properties of AMPARs and
their contribution to synaptic plasticity, such as: 1) expression of several
immediate early genes like Homer1a (Rozov et al., 2012b); 2) TARPs
such as stargazin (Kato et al., 2010); and 3) AMPAR auxiliary subunits
that lack TARPs such as cornichon-2 and cornichon-3 (CNIH-2/-3),
(Drummond et al., 2012) or AMPAR accessory protein such as PICK1
(Terashima et al., 2008), cannot easily explain changes thatwe observed
in hippocampal circuitry following rTBI. However we can speculate that
the neuroinﬂammatory cascade triggered by rTBI can affect either of
these components and differentially impact GluA2 and GluA1 subunit
trafﬁcking/assembly thereby altering the AMPAR contribution to synap-
tic plasticity and hippocampus-dependent learning and memory
(Wiltgen et al., 2010).
4.3.2. GABAARs on CA1 pyramidal neurons
The inhibitory synapses located on dendritic regions outside excit-
atory spines contain low afﬁnity GABAARs which poorly compete for
ambient and spillover of GABA with higher afﬁnity GABAAR in
extrasynaptic locations. These extrasynaptic receptors are responsible
for tonic inhibition and their activationmay reduce probability of induc-
ing LTP (Shen et al., 2007).We can speculate that in uninjured “healthy”
CA1 neurons these extasynaptic GABAARs are critical for adjusting the
magnitude of LTP in a context-dependent manner.
4.3.3. Proposed rTBI impact on channelopathy of CA1 pyramidal neurons
Previous TBI studies have observed that TBI promotes the phosphor-
ylation and endocytosis of GluA2 subunits, which results in increased
Ca2+ permeability of AMPARs and subsequent enhancement of mEPSCs
(Bell et al., 2007, 2009).Wepropose that, before the triple injury, the ex-
citatory synapses are mostly comprised of AMPARs containing GluA2
receptors and are thus non-permeable to Ca2+. Following 3× CHI, a
shift towardsmore AMPARs lacking the GluA2 subunit would be consis-
tent with an increase in excitatory synaptic currents. With regard to in-
hibitory network, following 3× CHI, the inhibitory synaptic currents
become larger as well. This suggests an insertion of GABA receptors
with a higher Cl− conductance at the inhibitory synapses. With regard
to intrinsic active properties of CA1 neurons after 3× CHI, the results
are consistent with increased voltage-dependent sodium and potassi-
um currents following injury.
Therefore, our data are consistent with a shift towards Ca2+ perme-
able, GluA2 lacking AMPARswith an increased cationic conductance. In-
hibitory synapses appear to be stronger as well which may decrease
tonic inhibition by binding more GABA at the synapse and reducing
the amount of GABA available for extrasynaptic receptors. Thisdecreased tonic inhibition would be expected to contribute to augmen-
tation of LTP. Possible increases in voltage-dependent Na+ and K+
channels would explain changes in AP characteristics (Yuen et al.,
2009).
4.4. Themodulatory effects of neuroinﬂammation on hippocampal synaptic
plasticity
One of the major secondary injury mechanisms associated with TBI
is neuroinﬂammation and the hippocampus is distinctly vulnerable to
its effects (Bennett et al., 2012; Di Filippo et al., 2013). Hippocampal
synaptic plasticity is signiﬁcantly altered by neuroinﬂammation
(Hauss-Wegrzyniak et al., 2002), and ﬁeld CA1 is particularly suscepti-
ble to deleterious plasticity changes (Min et al., 2009). Crosstalk be-
tween the CNS and the immune system is so intricate (Di Filippo et al.,
2008) that some neuroscientists consider the neuronal synapse to con-
sist of the pre- and postsynaptic neurons, as well as astrocytes, microg-
lia, and endothelial cells (Volterra and Meldolesi, 2005). Collectively,
these cells comprise the neurovascular unit, and have been observed
to modulate synaptic plasticity, particularly the induction of LTP
(Volterra and Meldolesi, 2005). The neuroimmune crosstalk between
neurons, astrocytes,microglia, endothelial cells and invading leukocytes
occurs through cytokines; regulatory proteins once thought to have a
strictly immune function (Di Filippo et al., 2008). Cytokines not only in-
ﬂuence hippocampal synaptic plasticity during neuroinﬂammation, but
they also maintain the synchronicity of the crosstalk between the cells
of the neurovascular unit in the healthy, uninjured brain (Avital et al.,
2003). This diverse and intricate inﬂuence that neuroinﬂammation ex-
erts on hippocampal synaptic plasticity necessitates a thorough investi-
gation of its possible role in the enhanced LTP that was observed in our
mouse model of rTBI.
4.5. Summary and translation potential
The recordings of miniature spontaneous excitatory and inhibitory
currents demonstrated signiﬁcant changes in network properties. The
remodeling of excitatory and inhibitory synapses is likely expressed as
a decrease in the number of inhibitory synapses with a concomitant in-
crease in the number of excitatory synapses. These global changes
would be consistent with a channelopathy hypothesis that rTBI triggers
functional changes in channel expression and/or their dynamics at the
synapse. As a consequence, excitatory and inhibitory networks of CA1
pyramidal neurons ipsilateral to the injury are remodeled.
Data generated from this study suggests rTBI triggers electrophysio-
logical changes in the CA1 ﬁeld of the hippocampus, possibly through a
neuroinﬂammatory-associated mechanism (Xu et al., 2016). The subtle
shifts in excitatory and inhibitory currents observed in this mouse
model of rTBI parallel the pre-symptomatic changes that occur in
human rTBI patients (Abbas et al., 2015a, 2015b; Talavage et al.,
2014), such that neuronal network remodeling commences and persists
for months to years prior to neurological diagnosis and may offer a po-
tential therapeutic window for early detection and treatment (Major
et al., 2015; Semple et al., 2015). While caution has been advised in
interpreting repetitive subconcussive impact data from clinical popula-
tions (Belanger et al., 2015), it is highly probable that such alterations in
neural activity beginweeks,months, or even years before symptoms are
presented and continue as the outcome deteriorates. The variety of pre-
clinical animalmodels constitutes a key link in providing a better under-
standing of the underlying causes of rTBI and can beused to improve the
clinical diagnostics and treatment of these injuries (Ojo et al., 2016).
Support
This researchwas supported by USUHS grant T070B013 (OL), CNRM
grants PAT-74-2333 (DP), G1703O and G1702577 (ZG) and DMRDP
grant D61_I_10_J6_214 (ZG).
241O.C. Logue et al. / Experimental Neurology 277 (2016) 227–243Disclaimer
The views expressed in this scientiﬁc presentation are those of the
author(s) and donot reﬂect the ofﬁcial policy or position of theU.S. gov-
ernment or the Department of Defense.
Acknowledgments
We also thank the members of Omar Logue's PhD Committee: Dr.
David Mears, Dr. Sharon Juliano, Dr. Kristin Heitman and Dr. Suzanne
Bausch SOM, USUHS for all their critical comments, stimulations and
priceless suggestions. We thank Dr. Ranjana Verma, Galdzicki Lab,
Dept. APG, USUHS for her help at the beginning of this project. We
thank Dr. Manoj Jaiswal and Dr. Derek Holman, members of Galdzicki
Lab, for inspiring discussions and generous help. We thank Ms. Maria
Voelkel for her invaluable editorial assistance. We thank Dr. Grunberg
and themembers of his laboratory SOM, USUHS for collaborative contri-
butions during development of this model. We also would like to thank
Dr. Douglas Smith University of Pennsylvania, SOM, Department of
Neurosurgery and the members of his laboratory for numerous stimu-
lating discussions and encouragement at the beginning and during the
course of the project. We also would like to thank investigators of the
Center for Neuroscience and Regenerative Medicine and its Director
Dr. Regina Armstrong for a stimulating atmosphere and numerous
discussions.
References
Abbas, K., Shenk, T.E., Poole, V.N., Breedlove, E.L., Leverenz, L.J., Nauman, E.A., Talavage,
T.M., Robinson, M.E., 2015a. Alteration of default mode network in high school foot-
ball athletes due to repetitive subconcussive mild traumatic brain injury: a resting-
state functional magnetic resonance imaging study. Brain Connect. 5, 91–101.
Abbas, K., Shenk, T.E., Poole, V.N., Robinson, M.E., Leverenz, L.J., Nauman, E.A., Talavage,
T.M., 2015b. Effects of repetitive sub-concussive brain injury on the functional con-
nectivity of Default Mode Network in high school football athletes. Dev.
Neuropsychol. 40, 51–56.
Albensi, B.C., Sullivan, P.G., Thompson, M.B., Scheff, S.W., Mattson, M.P., 2000. Cyclosporin
ameliorates traumatic brain-injury-induced alterations of hippocampal synaptic plas-
ticity. Exp. Neurol. 162, 385–389.
Almeida-Suhett, C.P., Prager, E.M., Pidoplichko, V., Figueiredo, T.H., Marini, A.M., Li, Z.,
Eiden, L.E., Braga, M.F., 2015. GABAergic interneuronal loss and reduced inhibitory
synaptic transmission in the hippocampal CA1 region after mild traumatic brain inju-
ry. Exp. Neurol. 273, 11–23.
Anderson, W.W., Collingridge, G.L., 2007. Capabilities of the WinLTP data acquisition pro-
gram extending beyond basic LTP experimental functions. J. Neurosci. Methods 162,
346–356.
Aungst, S.L., Kabadi, S.V., Thompson, S.M., Stoica, B.A., Faden, A.I., 2014. Repeated mild
traumatic brain injury causes chronic neuroinﬂammation, changes in hippocampal
synaptic plasticity, and associated cognitive deﬁcits. J. Cereb. Blood Flow Metab. 34,
1223–1232.
Avital, A., Goshen, I., Kamsler, A., Segal, M., Iverfeldt, K., Richter-Levin, G., Yirmiya, R., 2003.
Impaired interleukin-1 signaling is associated with deﬁcits in hippocampal memory
processes and neural plasticity. Hippocampus 13, 826–834.
Bang, S.A., Song, Y.S., Moon, B.S., Lee, B.C., Lee, H.Y., Kim, J.M., Kim, S.E., 2015. Neuropsy-
chological, metabolic, and GABA receptor studies in subjects with repetitive traumat-
ic brain injury. J. Neurotrauma.
Barco, A., Alarcon, J.M., Kandel, E.R., 2002. Expression of constitutively active CREB protein
facilitates the late phase of long-term potentiation by enhancing synaptic capture.
Cell 108, 689–703.
Barkhoudarian, G., Hovda, D.A., Giza, C.C., 2011. The molecular pathophysiology of con-
cussive brain injury. Clin. Sports Med. 30 (33–48), vii–viii.
Belanger, H.G., Vanderploeg, R.D., McAllister, T., 2015. Subconcussive blows to the head: a
formative review of short-term clinical outcomes. J. Head Trauma Rehabil.
Bell, J.D., Ai, J., Chen, Y., Baker, A.J., 2007. Mild in vitro trauma induces rapid Glur2 endo-
cytosis, robustly augments calcium permeability and enhances susceptibility to sec-
ondary excitotoxic insult in cultured Purkinje cells. Brain 130, 2528–2542.
Bell, J.D., Park, E., Ai, J., Baker, A.J., 2009. PICK1-mediated GluR2 endocytosis contributes to
cellular injury after neuronal trauma. Cell Death Differ. 16, 1665–1680.
Bennett, R.E., Mac Donald, C.L., Brody, D.L., 2012. Diffusion tensor imaging detects axonal
injury in a mouse model of repetitive closed-skull traumatic brain injury. Neurosci.
Lett. 513, 160–165.
Berberian, B.J., Sulica, V.I., Kao, G.F., 1990. Familial multiple eccrine spiradenomas with
cylindromatous features associated with epithelioma adenoides cysticum of Brooke.
Cutis 46, 46–50.
Best, T.K., Cramer, N.P., Chakrabarti, L., Haydar, T.F., Galdzicki, Z., 2012. Dysfunctional hip-
pocampal inhibition in the Ts65Dn mouse model of down syndrome. Exp. Neurol.
233, 749–757.Bourtchouladze, R., Patterson, S.L., Kelly, M.P., Kreibich, A., Kandel, E.R., Abel, T., 2006.
Chronically increased Gsalpha signaling disrupts associative and spatial learning.
Learn. Mem. 13, 745–752.
Brody, D.L., Benetatos, J., Bennett, R.E., Klemenhagen, K.C., Mac Donald, C.L., 2015. The
pathophysiology of repetitive concussive traumatic brain injury in experimental
models; new developments and open questions. Mol. Cell. Neurosci. 66, 91–98.
Brody, D.L., Mac Donald, C., Kessens, C.C., Yuede, C., Parsadanian, M., Spinner, M., Kim, E.,
Schwetye, K.E., Holtzman, D.M., Bayly, P.V., 2007. Electromagnetic controlled cortical im-
pact device for precise, graded experimental traumatic brain injury. J. Neurotrauma 24,
657–673.
Carroll, L.J., Cassidy, J.D., Cancelliere, C., Cote, P., Hincapie, C.A., Kristman, V.L., Holm, L.W.,
Borg, J., Nygren-de Boussard, C., Hartvigsen, J., 2014. Systematic review of the progno-
sis after mild traumatic brain injury in adults: cognitive, psychiatric, and mortality
outcomes: results of the International Collaboration on Mild Traumatic Brain Injury
Prognosis. Arch. Phys. Med. Rehabil. 95, S152–S173.
Cassidy, J.D., Carroll, L.J., Peloso, P.M., Borg, J., von Holst, H., Holm, L., Kraus, J., Coronado,
V.G., Injury, W.H.O.C.C.T.F.o.M.T.B., 2004. Incidence, risk factors and prevention of
mild traumatic brain injury: results of the WHO Collaborating Centre Task Force on
Mild Traumatic Brain Injury. J. Rehabil. Med. (43 Suppl.), 28–60.
Cernak, I., Noble-Haeusslein, L.J., 2010. Traumatic brain injury: an overview of pathobiol-
ogy with emphasis on military populations. J. Cereb. Blood Flow Metab. 30, 255–266.
Chakrabarti, L., Best, T.K., Cramer, N.P., Carney, R.S., Isaac, J.T., Galdzicki, Z., Haydar, T.F.,
2010. Olig1 and Olig2 triplication causes developmental brain defects in Down syn-
drome. Nat. Neurosci. 13, 927–934.
Cohen, A.S., Pﬁster, B.J., Schwarzbach, E., Grady, M.S., Goforth, P.B., Satin, L.S., 2007. Injury-
induced alterations in CNS electrophysiology. Prog. Brain Res. 161, 143–169.
Conrad, C.D., Galea, L.A., Kuroda, Y., McEwen, B.S., 1996. Chronic stress impairs rat spatial
memory on the Y maze, and this effect is blocked by tianeptine pretreatment. Behav.
Neurosci. 110, 1321–1334.
Creeley, C.E., Wozniak, D.F., Bayly, P.V., Olney, J.W., Lewis, L.M., 2004. Multiple episodes of
mild traumatic brain injury result in impaired cognitive performance in mice. Acad.
Emerg. Med. 11, 809–819.
Curzon, P., Rustay, N.R., Browman, K.E., 2009. Cued and contextual fear conditioning for
rodents. In: Buccafusco, J.J. (Ed.), Methods of Behavior Analysis in Neuroscience, sec-
ond ed. CRC Press / Taylor and Francis (Boca Raton, FL).
DeFord, S.M., Wilson, M.S., Rice, A.C., Clausen, T., Rice, L.K., Barabnova, A., Bullock, R.,
Hamm, R.J., 2002. Repeated mild brain injuries result in cognitive impairment in
B6C3F1 mice. J. Neurotrauma 19, 427–438.
Di Filippo, M., Chiasserini, D., Gardoni, F., Viviani, B., Tozzi, A., Giampa, C., Costa, C., Tantucci,
M., Zianni, E., Boraso, M., Siliquini, S., de Iure, A., Ghiglieri, V., Colcelli, E., Baker, D.,
Sarchielli, P., Fusco, F.R., Di Luca, M., Calabresi, P., 2013. Effects of central and peripheral
inﬂammation on hippocampal synaptic plasticity. Neurobiol. Dis. 52, 229–236.
Di Filippo, M., Sarchielli, P., Picconi, B., Calabresi, P., 2008. Neuroinﬂammation and synap-
tic plasticity: theoretical basis for a novel, immune-centred, therapeutic approach to
neurological disorders. Trends Pharmacol. Sci. 29, 402–412.
Drexel, M., Puhakka, N., Kirchmair, E., Hortnagl, H., Pitkanen, A., Sperk, G., 2015. Expres-
sion of GABA receptor subunits in the hippocampus and thalamus after experimental
traumatic brain injury. Neuropharmacology 88, 122–133.
Drummond, J.B., Simmons, M., Haroutunian, V., Meador-Woodruff, J.H., 2012. Upregula-
tion of cornichon transcripts in the dorsolateral prefrontal cortex in schizophrenia.
Neuroreport 23, 1031–1034.
Dutra, R.C., Moreira, E.L., Alberti, T.B., Marcon, R., Prediger, R.D., Calixto, J.B., 2013. Spatial
reference memory deﬁcits precede motor dysfunction in an experimental autoim-
mune encephalomyelitis model: the role of kallikrein–kinin system. Brain Behav.
Immun. 33, 90–101.
Faul, M., Xu, L., Wald, M.M., Coronado, V.G., 2010. Traumatic Brain Injury in the United
States: Emergency Department Visits, Hospitalizations and Deaths 2002–2006. Cen-
ters for Disease Control and Prevention, National Center for Injury Prevention and
Control, Atlanta, Georgia.
Ferrario, C.R., Ndukwe, B.O., Ren, J., Satin, L.S., Goforth, P.B., 2013. Stretch injury selectively
enhances extrasynaptic, GluN2B-containing NMDA receptor function in cortical neu-
rons. J. Neurophysiol. 110, 131–140.
Forscher, P., Oxford, G.S., 1985. Modulation of calcium channels by norepinephrine in in-
ternally dialyzed avian sensory neurons. J. Gen. Physiol. 85, 743–763.
Gardner, S.M., Takamiya, K., Xia, J., Suh, J.G., Johnson, R., Yu, S., Huganir, R.L., 2005.
Calcium-permeable AMPA receptor plasticity is mediated by subunit-speciﬁc interac-
tions with PICK1 and NSF. Neuron 45, 903–915.
Goforth, P.B., Ellis, E.F., Satin, L.S., 1999. Enhancement of AMPA-mediated current after
traumatic injury in cortical neurons. J. Neurosci. 19, 7367–7374.
Goforth, P.B., Ren, J., Schwartz, B.S., Satin, L.S., 2011. Excitatory synaptic transmission and
network activity are depressed following mechanical injury in cortical neurons.
J. Neurophysiol. 105, 2350–2363.
Goldstein, L.E., Fisher, A.M., Tagge, C.A., Zhang, X.L., Velisek, L., Sullivan, J.A., Upreti, C., Kracht,
J.M., Ericsson, M., Wojnarowicz, M.W., Goletiani, C.J., Maglakelidze, G.M., Casey, N.,
Moncaster, J.A., Minaeva, O., Moir, R.D., Nowinski, C.J., Stern, R.A., Cantu, R.C., Geiling,
J., Blusztajn, J.K., Wolozin, B.L., Ikezu, T., Stein, T.D., Budson, A.E., Kowall, N.W., Chargin,
D., Sharon, A., Saman, S., Hall, G.F., Moss, W.C., Cleveland, R.O., Tanzi, R.E., Stanton, P.K.,
McKee, A.C., 2012. Chronic traumatic encephalopathy in blast-exposedmilitary veterans
and a blast neurotrauma mouse model. Sci. Transl. Med. 4 (134ra160).
Graves, L.A., Heller, E.A., Pack, A.I., Abel, T., 2003. Sleep deprivation selectively impairs
memory consolidation for contextual fear conditioning. Learn. Mem. 10, 168–176.
Hall, R.C., Hall, R.C., Chapman, M.J., 2005. Deﬁnition, diagnosis, and forensic implications
of postconcussional syndrome. Psychosomatics 46, 195–202.
Harmon, K.G., Drezner, J.A., Gammons, M., Guskiewicz, K.M., Halstead, M., Herring, S.A.,
Kutcher, J.S., Pana, A., Putukian, M., Roberts, W.O., 2013. American Medical Society for
Sports Medicine position statement: concussion in sport. Br. J. Sports Med. 47, 15–26.
242 O.C. Logue et al. / Experimental Neurology 277 (2016) 227–243Hauss-Wegrzyniak, B., Lynch, M.A., Vraniak, P.D., Wenk, G.L., 2002. Chronic brain inﬂam-
mation results in cell loss in the entorhinal cortex and impaired LTP in perforant
path-granule cell synapses. Exp. Neurol. 176, 336–341.
He, S., Bausch, S.B., 2014. Synaptic plasticity in glutamatergic and GABAergic neurotrans-
mission following chronic memantine treatment in an in vitro model of limbic
epileptogenesis. Neuropharmacology 77, 379–386.
Hoge, C.W., Goldberg, H.M., Castro, C.A., 2009. Care of war veterans with mild traumatic
brain injury—ﬂawed perspectives. N. Engl. J. Med. 360, 1588–1591.
Hoge, C.W., Wilk, J.E., Herrell, R., 2010. Methodological issues in mild traumatic brain in-
jury research. Arch. Phys. Med. Rehabil. 91, 963 (author reply 963–964).
Holopainen, I.E., Lauren, H.B., 2003. Neuronal activity regulates GABAA receptor subunit
expression in organotypic hippocampal slice cultures. Neuroscience 118, 967–974.
Hunt, R.F., Scheff, S.W., Smith, B.N., 2011. Synaptic reorganization of inhibitory hilar inter-
neuron circuitry after traumatic brain injury in mice. J. Neurosci. 31, 6880–6890.
Imbrosci, B., Mittmann, T., 2011. Functional consequences of the disturbances in the
GABA-mediated inhibition induced by injuries in the cerebral cortex. Neural Plast.
2011, 614329.
Isaac, J.T.R., Ashby, M.C., McBain, C.J., 2007. The role of the GluR2 subunit in AMPA recep-
tor function and synaptic plasticity. Neuron 54, 859–871.
Jia, Z., Agopyan, N., Miu, P., Xiong, Z., Henderson, J., Gerlai, R., Taverna, F.A., Velumian, A.,
MacDonald, J., Carlen, P., Abramow-Newerly, W., Roder, J., 1996. Enhanced LTP in
mice deﬁcient in the AMPA receptor GluR2. Neuron 17, 945–956.
Johnson, V.E., Meaney, D.F., Cullen, D.K., Smith, D.H., 2015. Animal models of traumatic
brain injury. Handb. Clin. Neurol. 127, 115–128.
Kandel, E.R., Dudai, Y., Mayford, M.R., 2014. The molecular and systems biology of mem-
ory. Cell 157, 163–186.
Kato, A.S., Gill, M.B., Yu, H., Nisenbaum, E.S., Bredt, D.S., 2010. TARPs differentially decorate
AMPA receptors to specify neuropharmacology. Trends Neurosci. 33, 241–248.
Kharlamov, E.A., Lepsveridze, E., Meparishvili, M., Solomonia, R.O., Lu, B., Miller, E.R., Kelly,
K.M., Mtchedlishvili, Z., 2011. Alterations of GABAA and glutamate receptor subunits
and heat shock protein in rat hippocampus following traumatic brain injury and in
posttraumatic epilepsy. Epilepsy Res. 95, 20–34.
Kim, H.J., Fillmore, H.L., Reeves, T.M., Phillips, L.L., 2005. Elevation of hippocampalMMP-3 ex-
pression and activity during trauma-induced synaptogenesis. Exp. Neurol. 192, 60–72.
Kirischuk, S., Grantyn, R., 2000. A readily releasable pool of single inhibitory boutons in
culture. Neuroreport 11, 3709–3713.
Klausberger, T., 2009. GABAergic interneurons targeting dendrites of pyramidal cells in
the CA1 area of the hippocampus. Eur. J. Neurosci. 30, 947–957.
Klemenhagen, K.C., O'Brien, S.P., Brody, D.L., 2013. Repetitive concussive traumatic brain
injury interacts with post-injury foot shock stress to worsen social and depression-
like behavior in mice. PLoS One 8, e74510.
Laurer, H.L., Bareyre, F.M., Lee, V.M., Trojanowski, J.Q., Longhi, L., Hoover, R., Saatman, K.E.,
Raghupathi, R., Hoshino, S., Grady, M.S., McIntosh, T.K., 2001. Mild head injury increas-
ing the brain's vulnerability to a second concussive impact. J. Neurosurg. 95, 859–870.
Longhi, L., Saatman, K.E., Fujimoto, S., Raghupathi, R., Meaney, D.F., Davis, J., McMillan,
B.S.A., Conte, V., Laurer, H.L., Stein, S., Stocchetti, N., McIntosh, T.K., 2005. Temporal
window of vulnerability to repetitive experimental concussive brain injury. Neuro-
surgery 56, 364–374 (discussion 364-374).
Lu,W., Shi, Y., Jackson, A.C., Bjorgan, K., During, M.J., Sprengel, R., Seeburg, P.H., Nicoll, R.A.,
2009. Subunit composition of synaptic AMPA receptors revealed by a single-cell ge-
netic approach. Neuron 62, 254–268.
Lucke-Wold, B.P., Turner, R.C., Logsdon, A.F., Bailes, J.E., Huber, J.D., Rosen, C.L., 2014.
Linking traumatic brain injury to chronic traumatic encephalopathy: identiﬁcation
of potential mechanisms leading to neuroﬁbrillary tangle development.
J. Neurotrauma 31, 1129–1138.
Major, B.P., Rogers, M.A., Pearce, A.J., 2015. Using transcranial magnetic stimulation to
quantify electrophysiological changes following concussive brain injury: a systematic
review. Clin. Exp. Pharmacol. Physiol. 42, 394–405.
Marion, D.W., Curley, K.C., Schwab, K., Hicks, R.R., m, T.B.I.D.W., 2011. Proceedings of the
military mTBI Diagnostics Workshop, St. Pete Beach, August 2010. J. Neurotrauma 28,
517–526.
Martin, L.J., Zurek, A.A., MacDonald, J.F., Roder, J.C., Jackson, M.F., Orser, B.A., 2010.
Alpha5GABAA receptor activity sets the threshold for long-term potentiation and
constrains hippocampus-dependent memory. J Neurosci 30, 5269–5282.
McMillan, R., 1990. Antigen-speciﬁc assays in immune thrombocytopenia. Transfus. Med.
Rev. 4, 136–143.
Meehan III, W.P., Zhang, J., Mannix, R., Whalen, M.J., 2012. Increasing recovery time be-
tween injuries improves cognitive outcome after repetitive mild concussive brain in-
juries in mice. Neurosurgery 71, 885–891.
Min, S.S., Quan, H.Y., Ma, J., Han, J.S., Jeon, B.H., Seol, G.H., 2009. Chronic brain inﬂamma-
tion impairs two forms of long-term potentiation in the rat hippocampal CA1 area.
Neurosci. Lett. 456, 20–24.
Mitterdorfer, J., Bean, B.P., 2002. Potassium currents during the action potential of hippo-
campal CA3 neurons. J. Neurosci. 22, 10106–10115.
Miyazaki, S., Katayama, Y., Lyeth, B.G., Jenkins, L.W., DeWitt, D.S., Goldberg, S.J., Newlon,
P.G., Hayes, R.L., 1992. Enduring suppression of hippocampal long-term potentiation
following traumatic brain injury in rat. Brain Res. 585, 335–339.
Mouzon, B.C., Bachmeier, C., Ferro, A., Ojo, J.O., Crynen, G., Acker, C.M., Davies, P., Mullan,
M., Stewart, W., Crawford, F., 2014. Chronic neuropathological and neurobehavioral
changes in a repetitive mild traumatic brain injury model. Ann. Neurol. 75, 241–254.
Mtchedlishvili, Z., Lepsveridze, E., Xu, H., Kharlamov, E.A., Lu, B., Kelly, K.M., 2010. Increase
of GABAA receptor-mediated tonic inhibition in dentate granule cells after traumatic
brain injury. Neurobiol. Dis. 38, 464–475.
Nistico, R., Mori, F., Feligioni, M., Nicoletti, F., Centonze, D., 2014. Synaptic plasticity in
multiple sclerosis and in experimental autoimmune encephalomyelitis. Philos.
Trans. R. Soc. Lond. Ser. B Biol. Sci. 369, 20130162.Oh, M.C., Derkach, V.A., Guire, E.S., Soderling, T.R., 2006. Extrasynaptic membrane trafﬁck-
ing regulated by GluR1 serine 845 phosphorylation primes AMPA receptors for long-
term potentiation. J. Biol. Chem. 281, 752–758.
Ojo, J.O., Mouzon, B.C., Crawford, F., 2016. Repetitive head trauma, chronic traumatic
encephalopathy and tau: challenges in translating from mice to men. Exp. Neurol.
275, 389–404.
Paolicelli, R.C., Bolasco, G., Pagani, F., Maggi, L., Scianni, M., Panzanelli, P., Giustetto, M.,
Ferreira, T.A., Guiducci, E., Dumas, L., Ragozzino, D., Gross, C.T., 2011. Synaptic pruning
by microglia is necessary for normal brain development. Science 333, 1456–1458.
Penn, A.C., Balik, A., Wozny, C., Cais, O., Greger, I.H., 2012. Activity-mediated AMPA recep-
tor remodeling, driven by alternative splicing in the ligand-binding domain. Neuron
76, 503–510.
Petraglia, A.L., Plog, B.A., Dayawansa, S., Chen, M., Dashnaw, M.L., Czerniecka, K., Walker, C.T.,
Viterise, T., Hyrien, O., Iliff, J.J., Deane, R., Nedergaard, M., Huang, J.H., 2014. The spectrum
of neurobehavioral sequelae after repetitive mild traumatic brain injury: a novel mouse
model of chronic traumatic encephalopathy. J. Neurotrauma 31, 1211–1224.
Phillips, L.L., Reeves, T.M., 2001. Interactive pathology following traumatic brain injury
modiﬁes hippocampal plasticity. Restor. Neurol. Neurosci. 19, 213–235.
Plant, K., Pelkey, K.A., Bortolotto, Z.A., Morita, D., Terashima, A., McBain, C.J., Collingridge,
G.L., Isaac, J.T., 2006. Transient incorporation of native GluR2-lacking AMPA receptors
during hippocampal long-term potentiation. Nat. Neurosci. 9, 602–604.
Raible, D.J., Frey, L.C., Cruz Del Angel, Y., Russek, S.J., Brooks-Kayal, A.R., 2012. GABAA receptor
regulation after experimental traumatic brain injury. J. Neurotrauma 29, 2548–2554.
Raible, D.J., Frey, L.C., Del Angel, Y.C., Carlsen, J., Hund, D., Russek, S.J., Smith, B., Brooks-
Kayal, A.R., 2015. JAK/STAT pathway regulation of GABAA receptor expression after
differing severities of experimental TBI. Exp. Neurol. 271, 445–456.
Reeves, T.M., Lyeth, B.G., Phillips, L.L., Hamm, R.J., Povlishock, J.T., 1997. The effects of trau-
matic brain injury on inhibition in the hippocampus and dentate gyrus. Brain Res.
757, 119–132.
Reeves, T.M., Lyeth, B.G., Povlishock, J.T., 1995. Long-term potentiation deﬁcits and excit-
ability changes following traumatic brain injury. Exp. Brain Res. 106, 248–256.
Reeves, T.M., Phillips, L.L., Povlishock, J.T., 2005. Myelinated and unmyelinated axons of
the corpus callosum differ in vulnerability and functional recovery following trau-
matic brain injury. Exp. Neurol. 196, 126–137.
Reger, M.L., Poulos, A.M., Buen, F., Giza, C.C., Hovda, D.A., Fanselow, M.S., 2012. Concussive
brain injury enhances fear learning and excitatory processes in the amygdala. Biol.
Psychiatry 71, 335–343.
Rozov, A., Sprengel, R., Seeburg, P.H., 2012a. GluA2-lacking AMPA receptors in hippocam-
pal CA1 cell synapses: evidence from gene-targeted mice. Front. Mol. Neurosci. 5, 22.
Rozov, A., Zivkovic, A.R., Schwarz, M.K., 2012b. Homer1 gene products orchestrate Ca2+-
permeableAMPA receptor distribution and LTPexpression. Front. SynapticNeurosci. 4, 4.
Sara, Y., Virmani, T., Deak, F., Liu, X., Kavalali, E.T., 2005. An isolated pool of vesicles recy-
cles at rest and drives spontaneous neurotransmission. Neuron 45, 563–573.
Schafer, D.P., Lehrman, E.K., Kautzman, A.G., Koyama, R., Mardinly, A.R., Yamasaki, R.,
Ransohoff, R.M., Greenberg, M.E., Barres, B.A., Stevens, B., 2012. Microglia sculpt post-
natal neural circuits in an activity and complement-dependent manner. Neuron 74,
691–705.
Schwarzbach, E., Bonislawski, D.P., Xiong, G., Cohen, A.S., 2006. Mechanisms underlying
the inability to induce area CA1 LTP in the mouse after traumatic brain injury. Hippo-
campus 16, 541–550.
Semple, B.D., Lee, S., Sadjadi, R., Fritz, N., Carlson, J., Griep, C., Ho, V., Jang, P., Lamb, A.,
Popolizio, B., Saini, S., Bazarian, J.J., Prins, M.L., Ferriero, D.M., Basso, D.M., Noble-
Haeusslein, L.J., 2015. Repetitive concussions in adolescent athletes— translating clin-
ical and experimental research into perspectives on rehabilitation strategies. Front.
Neurol. 6, 69.
Shen, H., Gong, Q.H., Aoki, C., Yuan, M., Ruderman, Y., Dattilo, M., Williams, K., Smith, S.S.,
2007. Reversal of neurosteroid effects at alpha4beta2delta GABAA receptors triggers
anxiety at puberty. Nat. Neurosci. 10, 469–477.
Siarey, R.J., Carlson, E.J., Epstein, C.J., Balbo, A., Rapoport, S.I., Galdzicki, Z., 1999. Increased
synaptic depression in the Ts65Dn mouse, a model for mental retardation in Down
syndrome. Neuropharmacology 38, 1917–1920.
Siarey, R.J., Kline-Burgess, A., Cho, M., Balbo, A., Best, T.K., Harashima, C., Klann, E.,
Galdzicki, Z., 2006. Altered signaling pathways underlying abnormal hippocampal
synaptic plasticity in the Ts65Dn mouse model of down syndrome. J. Neurochem.
98, 1266–1277.
Siarey, R.J., Villar, A.J., Epstein, C.J., Galdzicki, Z., 2005. Abnormal synaptic plasticity in the
Ts1Cje segmental trisomy 16 mouse model of Down syndrome. Neuropharmacology
49, 122–128.
Smith, D.H., Johnson, V.E., Stewart, W., 2013. Chronic neuropathologies of single and re-
petitive TBI: substrates of dementia? Nat. Rev. Neurol. 9, 211–221.
Soares, C., Lee, K.F., Nassrallah, W., Beique, J.C., 2013. Differential subcellular targeting of
glutamate receptor subtypes during homeostatic synaptic plasticity. J. Neurosci. 33,
13547–13559.
Statler, K.D., Alexander, H., Vagni, V., Dixon, C.E., Clark, R.S., Jenkins, L., Kochanek, P.M.,
2006. Comparison of seven anesthetic agents on outcome after experimental trau-
matic brain injury in adult, male rats. J. Neurotrauma 23 (1), 97–108.
Stellwagen, D., Malenka, R.C., 2006. Synaptic scaling mediated by glial TNF-alpha. Nature
440, 1054–1059.
Stellwagen, D., Beattie, E.C., Seo, J.Y., Malenka, R.C., 2005. Differential regulation of AMPA
receptor and GABA receptor trafﬁcking by tumor necrosis factor-alpha. J. Neurosci.
25, 3219–3228.
Stuart, G.J., Sakmann, B., 1994. Active propagation of somatic action potentials into neo-
cortical pyramidal cell dendrites. Nature 367, 69–72.
Talavage, T.M., Nauman, E.A., Breedlove, E.L., Yoruk, U., Dye, A.E., Morigaki, K.E., Feuer, H.,
Leverenz, L.J., 2014. Functionally-detected cognitive impairment in high school foot-
ball players without clinically-diagnosed concussion. J. Neurotrauma 31, 327–338.
243O.C. Logue et al. / Experimental Neurology 277 (2016) 227–243Tanielian, T., Jaycox, L.H., 2008. Invisible Wounds of War: Psychological and Cognitive In-
juries, Their Consequences, and Services to Assist Recovery. RAND, Santa Monica,
California.
Terashima, A., Pelkey, K.A., Rah, J.C., Suh, Y.H., Roche, K.W., Collingridge, G.L., McBain, C.J.,
Isaac, J.T., 2008. An essential role for PICK1 in NMDA receptor-dependent bidirection-
al synaptic plasticity. Neuron 57, 872–882.
Tsuzuki, K., Lambolez, B., Rossier, J., Ozawa, S., 2001. Absolute quantiﬁcation of AMPA re-
ceptor subunit mRNAs in single hippocampal neurons. J. Neurochem. 77, 1650–1659.
Turrigiano, G.G., 2008. The self-tuning neuron: synaptic scaling of excitatory synapses.
Cell 135, 422–435.
Vargas-Caballero, M., Martin, L.J., Salter, M.W., Orser, B.A., Paulsen, O., 2010. alpha5
Subunit-containing GABAA receptors mediate a slowly decaying inhibitory synaptic
current in CA1 pyramidal neurons following Schaffer collateral activation. Neuro-
pharmacology 58, 668–675.
Viosca, J., Malleret, G., Bourtchouladze, R., Benito, E., Vronskava, S., Kandel, E.R., Barco, A.,
2009. Chronic enhancement of CREB activity in the hippocampus interferes with the
retrieval of spatial information. Learn. Mem. 16, 198–209.
Vithlani, M., Terunuma, M., Moss, S.J., 2011. The dynamic modulation of GABAA receptor
trafﬁcking and its role in regulating the plasticity of inhibitory synapses. Physiol.
Rev. 91, 1009–1022.
Volterra, A., Meldolesi, J., 2005. Astrocytes, from brain glue to communication elements:
the revolution continues. Nat. Rev. Neurosci. 6, 626–640.
Warren, K.M., Reeves, T.M., Phillips, L.L., 2012. MT5-MMP, ADAM-10, and N-cadherin act
in concert to facilitate synapse reorganization after traumatic brain injury.
J. Neurotrauma 29, 1922–1940.
Weber, J.T., 2007. Experimental models of repetitive brain injuries. Prog. Brain Res. 161,
253–261.
Whitehead, G., Jo, J., Hogg, E.L., Piers, T., Kim, D.H., Seaton, G., Seok, H., Bru-Mercier, G.,
Son, G.H., Regan, P., Hildebrandt, L., Waite, E., Kim, B.C., Kerrigan, T.L., Kim, K.,Whitcomb, D.J., Collingridge, G.L., Lightman, S.L., Cho, K., 2013. Acute stress causes
rapid synaptic insertion of Ca2+-permeable AMPA receptors to facilitate long-term
potentiation in the hippocampus. Brain 136, 3753–3765.
Wiltgen, B.J., Royle, G.A., Gray, E.E., Abdipranoto, A., Thangthaeng, N., Jacobs, N., Saab, F.,
Tonegawa, S., Heinemann, S.F., O'Dell, T.J., Fanselow, M.S., Vissel, B., 2010. A role for
calcium-permeable AMPA receptors in synaptic plasticity and learning. PLoS One 5.
Witgen, B.M., Lifshitz, J., Smith, M.L., Schwarzbach, E., Liang, S.L., Grady, M.S., Cohen, A.S.,
2005. Regional hippocampal alteration associated with cognitive deﬁcit following ex-
perimental brain injury: a systems, network and cellular evaluation. Neuroscience
133, 1–15.
Xu, L., Nguyen, J.V., Lehar, M., Menon, A., Rha, E., Arena, J., Ryu, J., Marsh-Armstrong, N.,
Marmarou, C.R., Koliatsos, V.E., 2016. Repetitive mild traumatic brain injury with im-
pact acceleration in the mouse: multifocal axonopathy, neuroinﬂammation, and neu-
rodegeneration in the visual system. Exp. Neurol. 275, 436–449.
Yokoi, N., Fukata, M., Fukata, Y., 2012. Synaptic plasticity regulated by protein–protein in-
teractions and posttranslational modiﬁcations. Int. Rev. Cell Mol. Biol. 297, 1–43.
Yuen, T.J., Browne, K.D., Iwata, A., Smith, D.H., 2009. Sodium channelopathy induced by
mild axonal trauma worsens outcome after a repeat injury. J. Neurosci. Res. 87,
3620–3625.
Yurdakoc, A., Gunday, I., Memiş, D., 2008. Effects of halothane, isoﬂurane, and sevoﬂurane
on lipid peroxidation following experimental closed head trauma in rats. Acta
Anaesthesiol. Scand. 52 (5), 658–663.
Zhang, L., Rzigalinski, B.A., Ellis, E.F., Satin, L.S., 1996. Reduction of voltage-dependent
Mg2+ blockade of NMDA current in mechanically injured neurons. Science 274,
1921–1923.
